rearrangements occur more frequently in subtelomeric domains than in other regions of the genome and are often associated with human pathology. To further elucidate the plasticity of subtelomeric domains, we examined the 3.3 kb D4Z4 repeat array on chromosome 4 and its homologue on chromosome 10 in 208 Dutch blood donors by pulsed field gel electrophoresis. These subtelomeric repeats are known to rearrange and partial deletions of this polymorphic array on chromosome 4 are associated with facioscapulohumeral muscular dystrophy (FSHD), an autosomal dominant myopathy. Our results show that mitotic rearrangements occur frequently as 3% of individuals display somatic mosaicism for a repeat expansion or contraction explaining the high variability of subtelomeric repeat array sizes. Translocated 4-type repeat arrays on chromosome 10 and the reverse configuration of 10-type repeat arrays on chromosome 4 are observed in 21% of individuals. The translocated repeat arrays on chromosome 4 tend to be more heterogeneous than 4-type repeats on chromosome 10. The repeat length on chromosome 4 is on average larger than on chromosome 10. But on both chromosomes we observe a multi-modal repeat length distribution with equidistant peaks at intervals of 65 kb, possibly reflecting a higher-order chromatin structure. Interestingly, in as many as six random blood donors (3%) we identified FSHD-sized 4-type repeat arrays. Assuming that these individuals are clinically unaffected, these results imply an incomplete penetrance in the upper range of FSHD alleles. Overall, the observed dynamic characteristics of these homologous domains may serve as a model for subtelomeric plasticity.
INTRODUCTION
The chromosomes of many organisms contain subtelomeric regions, which include single copy sequences, highly repetitive sequences and non-homologous chromosome ends (1, 2) . These regions lie immediately adjacent to the dynamic (TTAGGG) n telomere repeat arrays and display a variable size distribution ranging from a few hundred base pairs (e.g. human XpYpter) (3) to >100 kb [4qter (4) and 16pter (5)]. In yeast, chromosome ends are composed of different subtelomeric repeated sequences, such as X and Y′ (6) (7) (8) and rearrangements of Y′ elements can easily be detected in mitosis and meiosis (9, 10) . Data from other systems also indicate that subtelomeric regions of chromosomes are dynamic structures and may in fact support high levels of meiotic recombination in the initial homology searches, which precede chromosome synapsis (11) (12) (13) (14) (15) .
In 1997, a model was proposed into which subtelomeric regions can be divided in a distal and a proximal subdomain separated by degenerated (TTAGGG) n repeats (16) . The distal subdomain contains repetitive sequences that interact with all chromosome ends, whereas the proximal domain only interacts with a subset of (non-) homologous chromosome ends. It was suggested that subtelomeric regions act as a buffer between functional telomeric repeats and genes proximal of the subtelomeric regions, thereby protecting these genes from heterochromatinization and silencing, as demonstrated in yeast (17) (18) (19) (20) (21) .
Chromosomal rearrangements occur more frequently in (sub)telomeric domains than in other regions of the genome and often result in disease. Translocations of chromosome ends have been reported to cause for example α-thalassaemia mental retardation syndrome, Wolf-Hirschhorn syndrome and Miller-Dieker syndrome (22) (23) (24) . Subtelomeric rearrangements may also account for 7% of the idiopathic mental retardation cases and congenital anomalies (25) . Probably the most intriguing example of disease-associated subtelomeric rearrangements is seen in facioscapulohumeral muscular dystrophy (FSHD), an autosomal dominant myopathy mapped to 4qter. This proximal subtelomeric domain harbours the polymorphic D4Z4 repeat array, which is composed of 11 up to 150 3.3 kb repeated elements in normal individuals. FSHD patients carry a repeat array of <11 units, due to a partial deletion of the D4Z4 repeat array (26, 27) .
The subtelomere of chromosome 10 is highly similar to 4q35 and also contains a polymorphic repeat array highly homologous to D4Z4 (28, 29) . A specific BlnI site within each repeat unit of chromosome 10 allows discrimination between both chromosomes (30) . In a survey of 50 healthy Dutch male controls we could demonstrate the presence of chromosome 10-type repeats on chromosome 4 in 10% of the Dutch population. The reverse configuration of chromosome 4-type repeats on chromosome 10 is equally frequent (31) . Hybrid repeats, consisting of both 4-type and 10-type repeat units, have also been identified. Several studies demonstrated that only short repeat arrays on chromosome 4 are causally related to FSHD (32, 33) .
Recently, we demonstrated that the partial D4Z4 repeat array deletion in FSHD arises mitotically in at least 40% of cases and that the presence of 4-type repeat arrays on chromosome 10 in these mosaic individuals is increased by almost five times (34) . We hypothesized that the FSHD deletion occurs mainly by somatic interchromosomal gene conversion in which the presence of a fully homologous repeat array on a non-homologous chromosome is a predisposing factor.
In this study, we examined the subtelomeric repeat configurations on chromosomes 4 and 10 of 208 unrelated healthy individuals of a Dutch control population. We confirmed the 20% exchanges between 4q35 and 10q26 for both sexes and demonstrated a significant difference in repeat array length between both these chromosomes. Preferred repeat array lengths were observed possibly reflecting a higher order chromatin structure. Our results indicate a high incidence of mitotic rearrangements as part of the dynamic subtelomere characteristics. This study sheds new light on subtelomeric plasticity and may serve as a model for other subtelomeric loci.
RESULTS

Repeat array configurations
We examined the subtelomeric repeat array configurations on chromosomes 4q35 and 10q26 in 208 unrelated healthy individuals: 128 males and 80 females. Alleles were sized by pulsed field gel electrophoresis (PFGE) and assigned to their chromosomal origin based on their BlnI sensitivity. The various allele configurations were classified as indicated in Table 1 . According to the Mann-Withney U-test, no significant differences between repeat array distribution of males and females were observed, neither for chromosome 4 (P = 0.84) nor chromosome 10 (P = 0.67). Accordingly, data for all individuals were pooled for further analyses.
Most of the individuals (76%) displayed a standard pattern of 4-type arrays on chromosome 4 and 10-type arrays on chromosome 10, designated as class A. The remaining individuals (21%) displayed non-standard configurations with translocated repeat arrays.
Repeat size distribution
Only alleles of class A individuals were included in the analysis of allele size distribution ( Fig. 1 ) since this class represents the normal unbiased allele size distribution, whereas in other classes the allele sizes may be influenced by the translocated repeat arrays. All alleles of class A individuals were grouped into intervals of 20 kb each.
Excluding allele sizes of <38 kb (associated with FSHD when residing on chromosome 4), the median of 4-type repeat arrays is 96 kb, whereas the median of 10-type repeat arrays is 75 kb. After correction for the difference in median repeat size, no significant difference was detected between both repeat size distributions according to the Kolmogorov-Smirnov test. As plotted in Figure 1 , the repeat sizes on both chromosomes do not display a uniform distribution. The observed distributions for chromosomes 4 and 10 both agreed significantly better with a mixture of three normal distributions with equidistant means than with a mixture of two normal distributions (χ 2 = 27.25, P < 10 -6 and χ 2 = 19.76, P < 10 -5 , for chromosomes 4 and 10, respectively). No significant further improvement of the likelihoods was obtained when a mixture of three normal distributions with non-equidistant means was fitted (χ 2 = 0.54, P ≈ 0.46 and χ 2 = 0.84, P ≈ 0.36 for chromosomes 4 and 10). The most parsimonious model therefore indicates that the allele sizes follow distributions with periodicity.
The region hybridizing to p13E-11 is represented by a square whereas 4-type and 10-type repeat arrays are indicated by four white and black triangles, respectively. Dots indicate a similar repeat structure as that at the top of the column. Individuals are classified in 11 different groups. Class A, the most common allele configuration, is a standard repeat array distribution with 4-type arrays on chromosome 4 and 10-type arrays on chromosome 10. Classes B-E are individuals that carry a 10-type repeat array on chromosome 4, either homogeneous (B and E) or heterogeneous (C and D). The same holds true for the individuals carrying either homogeneous (F and I) or heterogeneous (G and H) 4-type repeats on chromosome 10. Mosaic individuals are scored as M, whereas one individual had such complex repeat array structure (X) that we could not assign this individual to one of the previously defined classes. The last column (n) indicates the number of individuals in each class. 
FSHD-sized repeat arrays
Repeat arrays <38 kb and residing on chromosome 4 are associated with FSHD. In this survey, we identified 4-type repeat arrays of <38 kb in six individuals (25, 25, 30, 32, 35 and 35 kb) . One of the individuals carrying the 30 kb 4-type repeat array was classified as F, carrying only 4-type repeat units on chromosome 10. The other individuals carried a standard repeat array configuration (class A).
Homogeneity of translocated repeat arrays
Twenty-one per cent of individuals displayed a non-standard repeat array configuration on chromosomes 4 and 10. Ten-type repeat arrays on chromosome 4, termed B-E, were identified in 18 individuals (9%), whereas the reverse configuration i.e. 4-type repeat arrays on chromosome 10, termed F-I, was present in 25 individuals (12%) ( Table 1) . One individual (class X) had such complex repeat array configuration that it could not be assigned to one of the previously defined classes.
Studying all alleles in individuals carrying translocated repeat arrays (36 in classes B-E and 50 in classes F-I), 10-type arrays on chromosome 4 tended to be more heterogeneous than 4-type arrays on chromosome 10. Of the translocated 10-type arrays on chromosome 4 (classes B-E), 17% (6/36) were composed of a homogeneous array of 10-type repeat units whereas 33% (12/36) were hybrid arrays, consisting of clusters of 4-type and 10-type repeat units. Conversely, 44% (22/50) of chromosomes 10 carried a homogeneous translocated array of 4-type units only, whereas 10% (5/50) were hybrid arrays.
There was a significant difference in homogeneity of translocated repeat arrays between classes D and H (P = 0.006). These classes carry a comparable repeat array structure: a chromosome 4 backbone with 10-type repeats followed by a cluster of 4-type repeats (class D) and a chromosome 10 backbone with 4-type repeats followed by a cluster of 10-type repeats (class H). The other types of comparable configuration (classes C and G) did not differ significantly.
Somatic mosaicism
In this survey, somatic mosaicism (defined as a fifth repeat array fragment on PFGE) was observed in 3% of individuals (6/208, 4 males and 2 females). Five individuals displayed somatic mosaicism with a standard allele configuration whereas the sixth individual carried an extra 4-type repeat array on chromosome 10. Two of these individuals were mosaic for chromosome 4 and three for chromosome 10-type arrays. The presence of an extra 4-type repeat in the sixth individual did not allow us to assign the arrays to their respective chromosomes.
DISCUSSION
In this survey, we analysed the subtelomeric D4Z4 repeat array configuration of the human chromosomes 4qter and 10qter in 208 individuals of the Dutch population. This study corroborates an earlier study (31) and provides new insights into the behaviour of these subtelomeric domains.
The end of human chromosome 4q displays a similar structural organization as reported for 4pter, 16pter and 22qter (16) . The distal subdomain on 4qter contains repetitive sequences as found on many chromosome ends (J. Hewitt, personal communication), whereas the proximal domain is largely comprised of the D4Z4 repeat array studied here.
The proximal and distal subtelomeric domains on chromosomes 4qter and 10qter are >95% homologous. The distal subdomain comprises 25 kb whereas the proximal domain may vary from 50 to >500 kb due to the polymorphic 3.3 kb repeat array. Despite their high homology, 10-type repeat units can be discriminated from 4-type repeat units by an internal BlnI site (30) . This BlnI-based array discrimination makes these subtelomeres ideal models to study subtelomere plasticity. Employing PFGE, we as well as others have already demonstrated the dynamic behaviour of these subtelomeres indicative for frequent exchanges between both chromosome ends (31) (32) (33) (34) .
By studying a population of >200 individuals, we obtained detailed information on the size, distribution and behaviour of these subtelomeric repeat arrays. From this study, it becomes evident that both chromosome ends present similar characteristics with regard to their size distributions and compositions, but also display discrete differences.
We found that the median of the repeat array on chromosome 4 is 21 kb larger than that on chromosome 10. A telomere position effect, in which telomeric heterochromatin has the capacity to silence genes in a distance-dependent manner, is well-documented in yeast (reviewed in ref. 35 ). Similar to this telomeric gene silencing, it has been postulated that the D4Z4 repeat on chromosome 4 and its homologue on chromosome 10 prevents spreading of heterochromatin into (euchromatic) regions proximal to the repeat and that partial deletion of the chromosome 4 repeat array in FSHD undermines this spacer function (36) . In this light, the length difference between both subtelomeric repeats may reflect a requirement for larger subtelomeric domains on chromosome 4 to prevent gene silencing of critical gene(s) in the region proximal to the subtelomere.
An unexpectedly high frequency of 4-type repeat arrays <38 kb was observed in this survey (6 individuals = 3%). Five of them belong to class A. Whilst residing on chromosome 4, these arrays are associated with FSHD. Several possibilities may explain this finding. First, it is possible that the array does not reside on chromosome 4. Approximately 10% of individuals carry a 4-type repeat on chromosome 10 and an equal frequency of 10-type repeats on chromosome 4 is observed, we would expect the presence of 'double exchanged' alleles (i.e. a 4-type array on chromosome 10 and a 10-type allele on chromosome 4) in 1% of individuals. Second, one of the individuals carrying a 4-type array of 30 kb was assigned to class F and therefore carries three 4-type repeat arrays. It may well be that in this individual, the potential pathogenic repeat array resides on chromosome 10. Definite chomosomal assignments of these repeat arrays can only be obtained by additional PFGE analyses on agarose-embedded DNA plugs using chromosome 4-and 10-specific probes (33) . Since DNA plugs of these random individuals are not available we are unable to pursue this procedure. Thirdly, ∼30% of the gene carriers are asymptomatic or have subclinical FSHD signs (37, 38) . Moreover, a correlation has been established between the residual repeat size and the age at onset and severity of FSHD (39, 40) . Individuals carrying small FSHD alleles are generally more severely affected than individuals with larger FSHD alleles and it may well be that there is an incomplete penetrance for larger FSHD alleles. Since this unselected group was not clinically evaluated, it is very possible that individuals with a repeat array of <38 kb may have subclinical characteristics or are non-penetrant. In this light, it is noteworthy that the 4-type arrays in three of the five class A individuals are of >30 kb.
We confirmed that 4-type repeat arrays on chromosome 10 occur as frequently as the reverse configuration of 10-type arrays on chromosome 4 (12 and 9%, respectively). However, the composition of these translocated arrays on both chromosomes differs significantly. Although 4-type repeats on chromosome 10 tend to be homogeneous (44% of all chromosome 10 alleles), 10-type repeats on chromosome 4 are mostly not homogeneous (only 17%) but a combination of 4-and 10-type repeats (33% of all chromosome 4 alleles). This suggests a biological difference between both repeat arrays resulting in a preference of 4-type units on chromosome 4. However, that would also predict a significant difference between classes C and G, which is not observed. Therefore, we favour a mechanistic explanation.
Most repetitive sequences, whether coding or non-coding, undergo concerted evolution. This process homogenizes repetitive sequences and is thought to be important for the maintenance of the integrity of each repeat unit. Concerted evolution is achieved by a much faster intrachromosomal homogenization than interchromosomal recombination (reviewed in ref. 41 ). The heterogeneity observed for the D4Z4 subtelomeric repeats suggests that these loci escape concerted evolution and evolve by rather unconstrained inter-and intrachromosomal recombination. This may imply that the putative open reading frame, DUX4, present in each repeat unit and for which no expression has been observed in vivo (42) , may have lost its function during the rapid expansion of this repeat array.
Our results are indicative for a multi-modal allele size distribution on both chromosomes with three equidistant peaks at intervals of ∼65 kb. For minisatellite repeats, bimodal and trimodal distributions have been observed (43) . This is mostly attributed to a founder effect of two ancestral alleles that have a similar dynamic behaviour and show little inter-chromosomal interactions. Since we observe the same unequal size distribution on both chromosomes and have already demonstrated a frequent interchromosomal cross-talk, a founder effect for these loci is highly unlikely. An alternative explanation that the chromatin structure of repeat sequences may impose restrictions on repeat lengths seems more likely. Degradation of high molecular weight DNA by nuclease digestion has suggested that chromatin loops contain ∼50 kb of DNA (44) . We have already demonstrated in mosaic individuals of de novo FSHD families that usually the shortest allele rearranges to an FSHD-sized allele (34) . This suggests that the unequal distribution on chromosome 4 separates the repeat arrays in a premutation domain (first peak) and a normal domain (larger than the first peak).
Previously, we demonstrated that the FSHD deletion occurs mitotically in at least 40% of cases. Moreover, we showed that the presence of supernumerary fully homologous repeat arrays is a predisposing factor (in this case, the presence of 4-type repeats on chromosome 10) (34) . In this study, we have identified somatic mosaicism for one of the alleles in as many as 3% of the individuals. Mosaicism was observed for both 4-type and 10-type alleles. This high mutation frequency emphasizes the importance of mitotic recombination in subtelomeric homogenization.
In conclusion, this study provides a detailed insight into the complex dynamic characteristics of the proximal subtelomeric domains on chromosomes 4 and 10. Although these domains share many properties and may frequently interact, they also display distinct differences in size and homogeneity. Their plasticity is emphasized by a very high somatic mutation frequency. It will be interesting to examine whether this dynamic behaviour is just a side effect of mitosis and meiosis, or whether it supports distinct subtelomeric functions.
MATERIALS AND METHODS
Control samples
Genomic DNA was isolated from peripheral blood lymphocytes from 208 unrelated individuals, which were obtained in a coded form via the Dutch Bloodbank in Leiden after informed consent. DNA was extracted essentially as described by Miller et al. (45) 
Digestion, PFGE and Southern blotting
Five micrograms of DNA was double digested with restriction enzymes EcoRI-HindIII (MBI Fermentas, St Leon-Rot, Germany) or EcoRI-BlnI (Amersham, Little Chalfont, UK) according to the manufacturer's instructions. After digestion, DNA was separated by PFGE on a 0.8% agarose gel (MP agarose; Boehringer, Mannheim, Germany). The electrophoresis was performed in 0.5× TBE and was run for 20 h at 8 V/cm 2 . In four identical cycles, switch times increased linearly from 1 to 16 s at the end of each cycle. A pause interval of 2% of the switch time was included. After electrophoresis, the gel was stained with ethidium bromide and blotted to a Nytran + membrane (Schleicher & Schuell, Dassel, Germany). The probes used for hybridization, p13E-11 (D4F104S1) (26) and 9B6A (D4Z4) (26) , were labelled by random priming with [ 32 P]dCTP, using the megaprime DNA labelling system (Amersham). Hybridizations were performed overnight at 65°C in a buffer containing 7% SDS, 10% PEG 6000 and 50 mM Na 2 HPO 4 and the blots were washed at 65°C with 2× SSC/0.1% SDS (p13E-11) or 1× SSC/0.1% SDS (9B6A). The blots were then exposed to phosphorimager screens. After exposure, the alleles were assigned to their respective chromosomes based on their BlnI sensitivity. Sizes were estimated independently by two individuals according to a 48 kb marker and λ concatamers.
Classification of individuals
All individuals were analysed for their allele sizes and origin of repeats and classified according to Table 1 . Class A represents a standard repeat array distribution with 4-type arrays on chromosome 4 and 10-type arrays on chromosome 10. Classes B-E represent translocated 10-type arrays on chromosomes 4, either homogeneous (B and E) or heterogeneous (C and D). The same holds true for translocated homogeneous (F and I) and heterogeneous (G and H) 4-type arrays on chromosome 10. Class X displays complex repeat array configurations which could not be assigned to classes A-I. Class M is a separate class in which all mosaic cases are represented.
Statistical analyses
Standard allele sizes of males (n = 100; class A) and females (n = 58; class A), were compared using the Mann-Whitney U-test. Allele-size distributions on chromosomes 4 and 10 in these 158 individuals were analysed according to the Kolmogorov-Smirnov test. Sensoring on chromosome 4 was performed for alleles of <38 kb (FSHD range). Differences in the composition of the translocated repeats (categories B, C and D versus F, G and H; i.e. only 4-type repeats, only 10-type repeats or a combination of both) were tested against a χ 2 distribution.
In order to determine whether the peaks in the multi-modal distribution of the allele sizes were equidistant, the following procedure was applied: allele sizes on a given chromosome were assumed to follow a mixture of two or three normal distributions with identical standard deviations but different means. Three hypotheses (H) were compared.
H 2 . The distribution of the allele sizes was explained as a mixture of two normal distributions (four estimated parameters: mean of first distribution, difference between the means of the two distributions, standard deviation and proportion of alleles in the first distribution).
H 3e . A mixture of three normal distributions with equidistant means (with one additional estimated parameter: the proportion of alleles in the second distribution).
H 3u . As H 3e but with non-equidistant means (one more estimated parameter: the distance between the means of the second and the third distribution).
A comparison between likelihoods obtained for H 3e and H 3u yields a likelihood ratio test with 1 degree of freedom and represents the evidence for the means of the three distributions being at different distances.
